Purpose Obstructive sleep apnea (OSA) has been implicated in complications of cardiovascular disease, including arrhythmias and sudden cardiac death (SCD). Prolonged QT interval is associated with arrhythmias and SCD in patients with cardiovascular disease and apparently healthy humans. Apneic episodes during sleep in OSA patients are associated with QT prolongation due to increased vagal activity, but it is not understood whether chronic QT prolongation persists during normoxic daytime wakefulness. Methods To determine whether daytime QT intervals in OSA patients are prolonged compared to control subjects, we recruited 97 (76 male, 21 female) newly diagnosed patients with OSA [apnea-hypopnea index (AHI) ≥5 events/h] and 168 (100 male, 68 female) healthy volunteers (AHI <5 events/h) and measured daytime resting QT and RR intervals from the electrocardiograms to determine QT prolongation corrected for heart rate (QTc). Results All subjects with OSA were older and heavier, with increased heart rate, significantly increased AHI and arousal index, and reduced oxygen saturation (SpO 2 ) during sleep, and spent less time in sleep with >90 % SpO 2 compared to respective controls. QTc in patients with OSA (410±3.3 for male and 433±5.6 for female) was significantly increased compared to respective control groups (399±2.9 for male and 417±2.9 for female), after adjustment for age and body mass index. Conclusions Our data show that OSA in either men or women is associated with a significant increase in resting daytime QTc. The propensity for ventricular arrhythmias in patients with OSA may be a result of abnormalities in resting cardiac repolarization.
Introduction
Obstructive sleep apnea (OSA) has been increasingly implicated in the pathogenesis and complications of cardiovascular disease [1] , including arrhythmias [2] and sudden cardiac death (SCD) [3] . Prolonged QT interval on a surface electrocardiogram (ECG) is associated with arrhythmias and SCD in patients with cardiovascular disease [4] and even in apparently healthy humans [5] [6] [7] [8] . The QT interval reflects ventricular activity and encompasses myocardial depolarization and repolarization. QT prolongation results from delayed repolarization and is associated with dispersion of refractoriness that, in turn, creates a substrate for ventricular arrhythmias with afterdepolarization acting as triggers [9] . QT intervals change with heart rate, and QT prolongation corrected for heart rate (QTc) is considered to be a marker of risk for arrhythmias and SCD [10, 4, 11, 12] . One important advantage of the QTc interval as a marker of risk of SCD is that the duration of QTc in healthy volunteers is stable and its short-and long-term reproducibility is high [13] [14] [15] .
Normal sleep is associated with QT prolongation due to sleep-related changes in autonomic function [16] . OSA results in repetitive and severe nocturnal hypoxemia and sleep disturbances due to frequent breathing-related arousals [17] . Apneic episodes in OSA are associated with both significant QT prolongation due to increased vagal activity and abrupt QT shortening during post-apnea due to increased sympathetic tone and/or vagal withdrawal [18] . QT intervals that are prolonged due to hypoxemia return to normal after withdrawal of the hypoxic stimulus [19] [20] [21] . Limited data are available in patients with OSA addressing abnormalities of ventricular repolarization, which may play an important role in the genesis of ventricular arrhythmia in OSA. Specifically, it is not clear whether the QT interval is chronically prolonged in patients with OSA even during normoxic daytime wakefulness. Additionally, men have shorter QTc [22] and increased prevalence of OSA compared to age-matched females [23] . Therefore, we measured QTc in newly diagnosed and untreated patients with OSA to determine whether both men and women with OSA have increased QTc compared to respective control subjects.
Methods

Subjects
Subjects that presented for sleep studies at Mayo Clinic Sleep Laboratory who were free of cardiovascular (familial cardiac diseases, cardiac structural defects, coronary arterial diseases, heart failure, and cardiac arrhythmias), cerebrovascular (stroke), and any chronic disease, had never been treated for OSA, and were on no medications were recruited for the study. The control subjects were recruited from the community who also were free of any acute or chronic disease and on no medications. Ninety-seven (76 male, 21 female) newly diagnosed adult patients with OSA [apnea-hypopnea index (AHI) ≥5 events/h] and 168 (100 male, 68 female) healthy volunteers (AHI <5 events/h) in whom OSA was excluded by overnight sleep study were recruited for recording of daytime resting ECG, respiration, and blood pressure (BP). The study was approved by the Institutional Human Subjects Review Committee at Mayo Clinic, Rochester, MN.
Polysomnography
The presence and severity of OSA in all subjects were determined by standard overnight polysomnography (E-Series Comprehensive Networked-Linked Amplifier, Compumedics USA Inc., Charlotte, NC, USA), including electroencephalography, electrooculography, electromyography, finger-pulse oximeter readings, thermistor measurements of oronasal airflow, and measurements of rib-cage and abdominal movements of breathing. An apnea was defined as complete cessation of airflow for at least 10 s. Hypopnea was defined as 30 % or greater reduction of respiratory signals for at least 10 s associated with oxygen desaturation of ≥4 %. The AHI was calculated as the total number of respiratory events per hour of sleep.
Recording of ECG, respiration, and BP Subjects were studied between 7:00 a.m and 10:00 a.m. Subjects rested supine in a quiet room for approximately 30 min before acquisition of ECG and BP measurements. Standard lead II surface ECG (ECG Bioamplifier; Gould Electronics, Cleveland, Ohio, USA) and respiration with a thoracic belt (Pneumotrace; Gould Electronics, Cleveland, Ohio, USA) were recorded continuously for 10 min during supine rest. BP was measured from the brachial artery with an automatic sphygmomanometer (Dinamap; Critikon Inc., Tampa, FL).
Data storage and analysis
The data were digitized on a computer and stored for subsequent analysis. All signals were sampled at a frequency of 400 Hz. RR and QT intervals were calculated from lead II of the surface ECG using an ECG analysis module (AD Instruments, Colorado Springs, CO, USA). The ECG module provides a graphical interface of recorded ECG with automatic identification of the beginning and end of each wave form of the ECG waves and manual control on the automatically selected markers of each wave form. RR and QT intervals were measured from continuous 5-min recordings. The QT intervals were measured from the onset of the Q-or R-wave to the termination of the T-wave, which was determined by the intersection of a tangent drawn to the steepest slope of the downsloping portion of the T-wave and the isoelectric baseline. The beginning of the Q-and R-waves and the end of the T-wave were identified by an automated computer program and manually edited after careful observation of the ECG. QTc was calculated by Bazett's formula [24] , where QTc=QT/RR 1/2 . The investigators involved in ECG analyses were blinded to the diagnosis of OSA.
Statistical analysis
Statistical analyses were conducted with JMP 7.0.1 (SAS Institute, Cary, NC, USA). Categorical variables were described as proportions, and continuous variables were expressed as means and standard deviations (SD). Differences between OSA and control groups for both male and female subjects were calculated using the chi-square test for categorical variables and Student's t test for continuous variables. Bivariate associations of QTc and severity of OSA (AHI and SpO 2 ) were analyzed using Spearman correlation coefficients. An analysis of covariance (ANCOVA) model was used with covariates including age and body mass index (BMI). A P value <0.05 was considered statistically significant for all analyses.
Results
Demographics, hemodynamics, and sleep profile in OSA and control subjects Baseline characteristics of men and women with or without OSA are described in Table 1 . Both men and women with OSA were older and heavier compared to respective control subjects. Diastolic and mean BP were increased in men with OSA compared to men without OSA. Heart rate was significantly elevated in patients with OSA compared to control subjects, for both male and female. Sleep duration, efficiency, and latency and REM sleep latency were not significantly different between men and women with OSA compared to respective control subjects. However, men with OSA did have significantly increased stage 1 and stage 2 sleep and significantly reduced slow-wave and REM sleep compared to men without OSA. AHI and arousal index (AI) events were significantly increased in both men and women with OSA compared to respective control subjects. Although awake SpO 2 was not different between men and women with OSA and controls, mean SpO 2 and lowest SpO 2 during sleep and percent time spent with SpO 2 >90% were significantly reduced in both men and women with OSA compared to respective control subjects.
RR, QT, and QTc in OSA and Control Subjects RR intervals were significantly reduced in men with OSA compared to control subjects after adjustment for age and BMI (Fig. 1a) . QT intervals between OSA and control groups were not significantly different for both men and women. However, QTc was significantly increased in OSA compared to control groups for both men (Fig. 1a) and women (Fig. 1b) after adjustment for age and BMI (P=0.01). Correlation analysis indicated that the severity of OSA, whether defined by AHI, AI, or mean or lowest SpO 2 during sleep, was not significantly associated with daytime QTc in either men or women.
Discussion
Our results indicate that QTc was significantly increased in both men and women with OSA compared to respective control subjects without OSA after adjustment for age and BMI.
Cardiovascular diseases including cardiac arrhythmias [17] and SCD [3] are common in patients with OSA. QT interval prolongation in OSA patients has been considered as a lethal combination, particularly in infants, causing sudden unexpected death [25] . Ventricular arrhythmias have been observed frequently in patients with severe OSA [26] . These arrhythmias correlate with the degree of oxygen desaturation, and effective therapy is associated with suppression of arrhythmias [27, 28] . Marked sympathetic activation due to severe nocturnal hypoxemia in sleep apneics, in combination with hypoxia-mediated lowering of arrhythmic thresholds [29] , may be an important factor in the genesis of arrhythmias.
The autonomic nervous system contributes importantly to day-to-day variation in the QT interval [30] by direct effects on the ventricular myocardium [31, 32] and by sinus node influences on heart rate and, thus, rate-related changes in QT interval. Repeated nocturnal apneic events in OSA patients result in carry-over sustained daytime activation of the sympathetic nervous system [33] . Indeed, resting daytime heart Values are means±SD AHI apnea-hypopnea index; AI arousal index; REM rapid eye movement; SpO 2 oxygen saturation by finger-pulse oximeter *P<0.05, OSA versus control for male subjects; # P<0.05, OSA versus control for female subjects rate in sleep apnea patients is higher than in matched controls [34] , suggesting an increase in daytime sympathetic drive. Recently, a prolonged QT interval in OSA patients has been reported [35, 21, 36] . Therefore, the increased QTc in both men and women with OSA found in our study may be associated with a chronically elevated sympathetic drive, even during daytime normoxic conditions.
Roche and colleagues studied the effects of acute hypoxia on QT interval in 11 healthy volunteers and found a significant prolongation of QT and increased QTc [21] . The QT intervals returned to normal following withdrawal of the hypoxic stimuli. A recent report suggested a significant QT prolongation after withdrawal of CPAP treatment in patients with OSA [37] . Sleep is associated with changes in QT interval variability in OSA patients, and the QT variability also correlates with the severity of OSA [38] . QT interval prolongation has been reported during nocturnal hypoxemia in patients with chronic obstructive airway disease [39] and in patients with coronary artery disease who manifested intermittent decreases in oxygen saturation of blood [40] . Increased QTc in patients with OSA may be associated with repeated nighttime hypoxia and consistently elevated sympathetic drive during daytime normoxic conditions. Our results suggest that severity of OSA as defined by AHI, AI, or SpO 2 is not associated with increased QT prolongation in either men or women. However, the mechanisms of hypoxia-related prolongation of QT intervals are not yet clear and require further study.
Several factors may determine the inter-individual variation in QT interval, including age [41] , gender [41] , BMI [42] , electrolyte imbalance [43] , congenital [44] or acquired [45] diseases, and certain medications [46] . Healthy women have significantly elevated QTc compared to men matched for age and BMI [22] . Longer baseline resting QT intervals in women may predispose them to drug-induced prolongation of ventricular repolarization and consequent cardiac arrhythmias [47, 48] . Women also have a higher incidence of torsades de pointes, and women with a congenital long QT syndrome are more susceptible to arrhythmias than men [49] . Therefore, we compared QTc between OSA and control groups separately for men and women. Our study showed that both men and women with OSA have significantly elevated QTc compared to respective control groups.
Strengths of our study include the analysis of a relatively large number of OSA patients who were free from cardiovascular disease and not on any medications, including those affecting QT interval. The larger sample size allowed multivariate adjustment for age and BMI, both of which may have significant effects on inter-individual variations in QT intervals. Additionally, the signal-averaged resting electrocardiograms of 3 to 5 min used for QT interval analysis limit the respiration-related beat-to-beat RR and, thus, QT changes. Considering the possible effects of gender on QT intervals for females, we compared OSA and control subjects separately for men and women. One of the limitations of the current study was the absence of 12-lead ECG recordings. In addition to measurements of QT intervals in individual leads, the 12-lead ECG would allow us to quantify the difference between the maximum and minimum QT interval (QTd) in addition to QTc. QTd is another marker of cardiac repolarization abnormality and risk of SCD. Several recent studies have reported increased QTd in adults and children with OSA [35, 50] . Fig. 1 RR, QT, and QTc in men with OSA and control subjects (a) and in women with OSA and control subjects (b) after adjustment for age and BMI. QTc is increased in both men and women with OSA compared to the respective controls. Data are expressed as least square means± SEM Therefore, measurements of QTd in OSA patients might identify the risk of arrhythmias in these patients.
In conclusion, we found that OSA in either men or women is associated with a significant increase in resting daytime QTc. However, mechanisms of increased QTc in patients with OSA are not clear. The propensity for ventricular arrhythmias in patients with OSA may be a result of abnormalities in resting cardiac repolarization. Future studies will determine the mechanisms and significance of daytime QT prolongation on arrhythmia risk in patients with OSA.
